ABSTRACT
Introduction
In real life, many inventory goods, such as agricultural products, fashion goods, drugs and high-tech products, are subject to depletion through spoilage, shrinkage, decay and obsolescene [1] . The deterioration is quite prevalent and should not be disregarded. Inventory management for deterioration goods has received many attentions from researchers and practitioners. Most of the existing researches focus on the EOQ-based inventory decision models. Ghare and Schrader [2] presented the EOQ model by considering the combined effects of demand, usage and linear decay. Covert and Philip [3] used the variable deterioration rate of the two-parameter Weibull distribution, to formulate the inventory decision model under the assumptions of a constant demand rate, with no shortages allowed. Philip [4] modified this model by using the deterioration rate of the three-parameter Weibull distribution. Tadikamalla [5] adopted gamma distributed deterioration under constant demand over time, without shortages. Moon and Lee [6] presented the EOQ model with a normally distributed deterioration rate. Other deterioration inventory models have extended prior research by considering a time-varying demand function, with or without shortages. Dave and Patel [7] proposed an EOQ model under time-proportional demand, with no shortages allowed. Sachan [8] extended their model by considering shortages. Bahari-Kashani [9] generalized the problem by permitting variations in both replenishment cycle length and order quantity. Bose et al [10] developed an EOQ model for deterioration items incorporating the effects of inflation, time value of money, a linearly time-dependent demand rate and shortages. Replenishment decision models under time-proportional demand and exponentially decaying deterioration rate was developed in [1] .
It is observed that large quantities of consumer goods displayed in a supermarket generate higher demands. Silver and Peterson [11] noted that the sales at the retail level tend to be proportional to the inventory displayed. Gupta and Vrat [12] , Mandal and Phaujdar [13] , Baker and Urban [14] , Datta and Pal [15] , etc developed the EOQ models with stock-dependent demand rate. Mandal and Phaujdar [16] , Pal et al. [17] developed the inventory models for deteriorating items with stock-dependent demand rate. In this paper, we have extended these works, on deteriorating inventory research, by considering deteriorating goods with stock-dependent demand in a two-echelon supply chain consisting one manufacturer and one retailer, the objective is to investigate the effects of supply chain coordination on profit increase in the supply chain, and study the impact of different parameters associated with the model, such as the rate of deterioration, the retailer's purchase cost, the manufacturer's production cost, the retailer's and manufacturer's holding cost on the supply chain profit increase percentages generated by the supply chain coordination.
Assumptions and Notations

Assumptions
(1) The retailer replenishes the stocks from the exclusive source on an EOQ basis. Replenishments are instantaneous.
(2) Lead time is assumed to be zero for the sake of simplicity. (5) The manufacturer's production rate is greater than or equal to the demand rate facing the retailer.
(6)The manufacturer is a make-to-order producer; it has a lot-for-lot production policy in response to the retailer's demand. In this particular case, the length of the manufacturer's production cycle is equal to the length of the retailer's replenishment cycle. 
Notations
Basic Model
In this section, we first derive the profit model for the decentralized supply chain. Later, we present the profit model derived by considering the centralized supply chain.
The Decentralized Supply Chain
In the decentralized supply chain, each entity within the supply chain aims to maximize its own profit functions, with no consideration given to its counterpart's reaction or profit. The retailer makes a replenishment decision based on an EOQ policy that includes inventory holding cost and ordering cost.
During the replenishment cycle, the change in retailer's inventory level depends on demand and deterioration and is given by [1] :
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As shown in Pal et al. (1993) [17] , equation (1) 
By integrating, we get
where 1 C is integration constant.
It can be rearranged as
By using the boundary condition on inventory (0)
Substituting (5) in (4), the retailer's inventory level at time t ( 0 t T ≤ ≤ ) can be expressed as The profit per unit time for the retailer can be expressed as 1 (
The profit function (9) is highly nonlinear and cannot be solved by analytical methods. We solve it by using optimization technology on computer and get the following optimal values:
Since the manufacturer is a make -to-order producer, it has a lot-for-lot production policy in response to the retailer's demand. During the production cycle, the change in manufacturer's inventory level is due to the combined effect of production and deterioration: with Stock-Dependent Demand Rate
where m t and T are the starting and stopping production times, respectively. With a make-to-order policy, the production quantity of the manufacturer is equal to the demand quantity of the retailer. Therefore, we get:
Solving the equation (6) by using the method proposed by Spiegel (1960) [18] , we can get: 
The inventory holding cost in a cycle for the manufacturer is 
The manufacturer's total number of deteriorated goods in a cycle is given by
The profit per unit time for the manufacturer is 
Based on the optimal order quantity and ordering cycle as well as equation (11), we can obtain optimal profit for the manufacturer using (16).
The Centralized Supply Chain
In the centralized supply chain, the order quantity and replenishment cycle are determined by considering the total profit incurred by both the retailer and the manufacturer, so that the overall profit is maximized. The centralized supply chain requires information sharing between manufacture and retailer. Sequential or concurrent engineering will be beneficial to the information sharing.
In this case, the total profit per unit time for the supply chain is the sum of Equation (9) and (16). 
Similarly, since supply chain profit function (17) is highly nonlinear, we solve it by using optimization technology on computer and get the optimal values.
Numerical Study
To illustrate the effect of the models, we give the following numerical example: 0. The models were implemented on a personal computer using Mathematica version 5.2. The results are outlined in Table 1 , revealing that the profit for centralized supply chain is greater than that for decentralized supply chain.
Based on the numerical example considered above, we now perform the sensitivity analysis on the effects of changes in the model parameters such as the rate of deterioration, the retailer's purchase cost, the manufacturer's production cost, the retailer's and manufacturer's holding cost on the optimal order quantity for the retailer, the optimal replenishment cycle ( or production cycle ) for the retailer( manufacturer), the optimal supply chain profit, and supply chain profit increase percentages generated by the centralized policy. The effects of changes in the pa rameters values are shown in Table 2 . The sensitivity analysis is performed by changing each of the parameters by -50%, -20%, +30% and +50% and keeping the other parameters unchanged. The results are demonstrated in (1) Whether the supply chain is centralized or decentralized, the optimal order quantity, the optimal replenishment cycle (or production cycle) , the optimal supply chain profit are decreasing in the deterioration rate. Meanwhile the percentages of supply chain profit increase realized by employing the centralized policy are increasing in the deterioration rates.
(2) Whether the supply chain is centralized or decentralized, the optimal order quantity and replenishment cycle (or production cycle) decrease, while the optimal supply chain profit increases in retailer's unit procurement cost.
(3) Whether the supply chain is centralized or decentralized, the optimal order quantity, the optimal replenishment cycle (or production cycle) and supply chain profit are decreasing in manufacturer's unit manufacturing cost.
(4) Whether the supply chain is centralized or decentralized, the optimal order quantity, the optimal replenishment cycle (or production cycle) and supply chain profit are decreasing in retailer's and manufacturer's inventory holding cost rate.
(5) The percentages of supply chain profit increase realized by employing the centralized policy are increasing in the deterioration rates, but are decreasing in the retailer's purchase cost, the manufacturer's production cost, the retailer's and manufacturer's holding cost.
Conclusions
This paper has investigated the effect of supply chain coordination for deteriorating goods with stock-dependent demand rate. Two profit models are developed with some assumptions based on exponentially decaying deterioration rates. The numerical study is conducted to demonstrate the effectiveness of the proposed models, and to analyze the impact of supply chain coordination on supply chain profit. Sensitivity analysis is performed to study the impact of different parameters associated with the model, such as the rate of deterioration, the retailer's purchase cost, the manufacturer's production cost, the retailer's and manufacturer's holding cost on the optimal order quantity for the retailer, the optimal replenishment cycle ( or pro-with Stock-Dependent Demand Rate Copyright © 2008 SciRes JSSM duction cycle ) for the retailer( manufacturer), the optimal supply chain profit, and supply chain profit increase percentages generated by the supply chain coordination.
The following observations can be obtained from numerical analysis:
(1) A centralized policy is found to be always superior to a decentralized policy in terms of profit increase, especially when the deterioration rates are high.
(2)Whether the supply chain is centralized or decentralized, the optimal order quantity , the optimal replenishment cycle (or production cycle) , the optimal supply chain profit are decreasing in the deterioration rate, retailer's unit procurement cost, manufacturer's unit manufacturing cost, as well as retailer's and manufacturer's inventory holding cost rate. The optimal supply chain profit are decreasing in the deterioration rate, manufacturer's unit manufacturing cost, as well as retailer's and manufacturer's inventory holding cost rate. Meanwhile it is increasing in retailer's unit procurement cost.
(3)The percentages of supply chain profit increase realized by employing the centralized policy are increasing in the deterioration rates.
The proposed models can be used to analyze gricultural products, fashion goods, drugs and high-tech products supply chain. It is observed that large quantities of these deteriorationg goods displayed in a supermarket tend to generate higher demands. However, the models considered in this paper are somewhat idealized. In reality, when supply chain is coordinated, there are likely to be some costs incurred from information sharing scheme. The information sharing could also affect production, inventory, and other operations. The future research will further consider these factors. These models can be extended in the future research to consider more general deterioration rates. Another extension possibility would be to use other replenishment policies. In addition to profit models, the cost models can also be applied to evaluate the extent of coordination.
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